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1.0 EXECUTIVE MMARY

Microwave/ RF priming experiments have been performed on the UM
relativistic magnetron. The high power RF priming source (40 kV, non-
relativistic magnetron) was obtained on-loan from the Air Force Research
Lab. Microwave power output from the AFRL priming magnetron was
input into one arm of the three-waveguide extraction system on the
relativistic magnetron. The UM/Titan A6 relativistic magnetron was driven
by MELBA-C; the ceramic insulator yields 10 Torr scale vacuum for
quasi-hard-tube conditions.

Microwave priming experiments showed mode-beating effects at
power levels and frequency detuning consistent with Adler’s equation.
Effects of microwave priming on start-oscillation time and microwave
pulselength were also characterized.

Major breakthroughs in this research were the discovery and
demonstration of two new magnetron priming techniques: magnetic
priming and cathode priming. Magnetic priming was patented by UM (US
patent No. 6,872,929): Low-Noise Crossed Field Devices Such as a
Microwave Magnetron, Microwave Oven Utilizing Same and a Method of
Converting a Noisy Magnetron to a Low-Noise Magnetron, issued March
29, 2005. In this concept, N/2 azimuthal magnetic perturbations are
applied to an N-cavity magnetron. The effectiveness of magnetic priming
is due to prebunching of the electrons near the cathode surface, and to a
newly discovered parametric instability which brings electrons to the
anode before the excitation of any RF mode. Noise reduction and startup
enhancement have been demonstrated in kW magnetrons. MAGIC Code
simulations of magnetic priming have shown rapid startup in relativistic
magnetrons.

In the second, new technique, cathode priming, the three electron
spokes desired for pi-mode (in an A6 magnetron) are generated by
creating three azimuthal emission zones on a cathode. The advantages of
cathode priming are: a) faster start-oscillation, b) mode-locking into the
desired pi mode; these advantages have been demonstrated in
experiments and verified in 2-D and 3D MAGIC Code simulations.

Another invention, projection-ablation lithography (PAL) provided a
new technique for fabricating monolithic, metal cathodes. These all metal,
PAL cathodes have shown advantages, including:

1) High-current densities,

1) emission regions micro-machined by a laser to provide desired level

of field enhancement,

1) emission regions heat-sinked to base cathode,




1) no outgassing for all-metal construction,

1) little or no plasma closure, and

1) cathode priming easily implemented.
Close collaborations have been maintained with scientists from the Air
Force Research Laboratory. AFRL provided the MW level priming
magnetron and power modulator, as well as pulsed electromagnets on
loan to UM. AFRL 3-D ICEPIC simulations also guided UM experiments.
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.0 EXPERIMENTAL NFI ION
ELB rator n
The experimental configuration is depicted schematically in Figure 1

and pictorially in Figure 2. There are two magnetrons in these
experiments. The priming magnetron, obtained on-loan from AFRL, is a 40
kV, non-relativistic magnetron, driven by a hard-tube modulator. The
relativistic magnetron, shown in Fig. 3, is a 6-vane type on loan from
Titan Corporation, Pulse-Sciences Division (Dr. David Price). This
magnetron typically operated at -300kV, 5-10 kA, 0.3-0.5 us, with the pi
mode at 1.03 GHz. However, the priming source frequency is 1.27-1.3
GHz. This necessitated fabrication and installation of tuning stubs (Fig. 3)
into the cavities to raise the relativistic magnetron’s natural frequency to
match that of the priming magnetron. AFRL simulations and later UM
experiments verified that the pi-mode was favored by the three-fold
symmetry of a three-waveguide extraction system, which was utilized for
most experiments. [7] Two of the three-extraction waveguides are
terminated in UM-built water loads and power is monitored by calibrated
(-60 dB) coupling loops in one arm. The third (priming) waveguide is
attached through a UM-built TR switch and ferrite isolator to the AFRL
priming magnetron output. Signals are transmitted by coaxial cable to the
Faraday cage where they are diagnosed for power and spectrum by time-
frequency-analysis (TFA). MELBA’s ceramic insulator stack permits base
vacuum of 8.5 X 108 Torr, near hard-tube conditions. The MELBA cathode
extends out of the vacuum chamber and into the magnetron by a 1.27cm
diameter aluminum rod that acts as the cathode stalk.

Projection ablation lithography cathodes were tested and utilized

on MELBA for comparison with the previous fabric cathodes.[5] The




experimental configuration for excimer laser Projection-Ablation-
Lithography (PAL) cathodes is depicted in Figure 4. Field emission
patterns are etched into the metal cathode by laser ablation of a
demagnified projection on a metal screen. The resulting patterns have
structures with dimensions of some hundred-microns , as depicted in the
scanning electron microscope (SEM) photos in Figure 5. When ablated in
air, small particulate matter was also redeposited on the cathode, which

might aid in field emission of electrons.

Another innovation at UM was the invention of cathode priming, in
which N/2 azimuthal emission regions are etched in the cathode for an N-
cavity magnetron.[4,5] The three emission zones generate the 3 electron
spokes required for pi-mode oscillation of the 6-cavity magnetron. The
configuration of a three-emission zone cathode is depicted in Fig. 6 for
the A6 magnetron, denoted Tri-PAL. Five PAL cathodes were tested on

MELBA; three with uniform emission zones and two with cathode priming.

3.0 Summary of Experimental Results

This section summarizes the major experimental findings of this research
project. More detailed waveforms are found in the three annual technical

reports already submitted.

Figure 7 depicts time-frequency-analysis (TFA) data for two shots in
which microwave priming signals (~300 kW) were injected at 1.28 GHz,

close to the 2*pi/3 mode for the relativistic magnetron with tuning stubs.

Data is in the upper TFA shows that the magnetron begins oscillation




close to the priming frequency, but eventually slips back into the lower
natural frequency of the relativistic magnetron. The lower data set
demonstrates that the relativistic magnetron initially starts oscillation at
the priming frequency and maintains this frequency during the entire high

power oscillation.

Time-frequency-analysis data in Fig. 8 clearly show the phenomenon of
mode-beating between the priming magnetron and the relativistic
magnetron. Analysis of these data yields a beating-time of about 10 ns.
This experimentally measured time agrees well with the theoretically
predicted beating time of 11 ns, obtained from the difference frequency

between the two magnetrons.

Experimental data are in agreement with Adler’s equation, which relates
the required priming power to the frequency detune between the sources.

This topic is discussed further in the theory section of this report.

Experiments were performed on the relativistic magnetron to test the
concept of cathode priming.[4,5] The Tri-PAL cathode was utilized for
these experiments. Results of these experiments are summarized in
Figure 9, which compares the microwave start-oscillation time for the Tri-
PAL cathode (cathode priming) to previous cotton cathode and single
emission zone cathodes (PAL-l and PAL-Il). Clearly, the cathode priming
case exhibits the fastest start-oscillation time. Furthermore, all PAL

cathodes tested showed more rapid start-oscillation than the cotton

cathode.




For long-pulse microwave generation an important figure of merit for
cathodes is the plasma closure velocity; (lower is better). Summary data
in Figure 10 indicates that all-metal PAL cathodes demonstrate much
slower closure velocity than previous cotton cathodes. The standard
deviation bars on the plot also show that in some cases, plasma closure

velocity was close to zero for PAL cathodes.

Microwave oscillation time, summarized in Figure 11, shows that all three
PAL cathodes generated longer microwave pulses than the cotton
cathode in the relativistic magnetron. The longest microwave pulselength
was exhibited by the PAL-Il cathode, which generated the highest current,
but also the highest closure velocity. The Tri-PAL cathode pulselength

was similar to the PAL-I cathode.

A significant measure of a cathode’s success is the electronic efficiency
of microwave generation in the relativistic magnetron, summarized in
Figure 12. Clearly, the Tri-PAL cathode (cathode priming) exhibits the
highest electronic efficiency (some 17%). This effect is believed due to
the rapid prebunching of the electrons into the desired three-spoke

structure required for pi-mode microwave oscillation.
4.0 MAGIC Code Simulations of Cathode Priming

Extensive computational simulations of cathode priming were performed

utilizing the MAGIC code in two and three dimensions.[4,5] Figure 13

depicts results of preliminary 2-D MAGIC Code simulations of cathode




priming in an A6 magnetron with similar parameters to the UM-Titan tube.
These simulations show the RF electric field for three cases:
1) single emission zone (without cathode priming),
2) cathode priming with the cathode placed under the cavities (low
electric field region), and
3) cathode priming with emission zone placed under the vanes (high
electric field region).
These data clearly demonstrate the advantages of cathode priming, both
cases of which show much faster start-oscillation than the unprimed case.
The cathode priming case of emission regions under the vanes shows
even faster (up to factor of 3) startup than the unprimed case,

apparently because the higher electric field yields higher current density.

Results of 3-D MAGIC Code simulations are shown in Figure 14, comparing
cathode priming to the uniform emission zone. At a simulation time of
6.5 ns, the cathode priming case clearly forms three electron spokes
required for pi-mode oscillation. By contrast at the same simulation time,
the unprimed case shows the smooth Brillouin hub, with no evidence of

spoke formation.

The instantaneous frequency is a measure of the mode purity (or
competition) of the relativistic magnetron. Figure 15 presents 3-D MAGIC
simulation data of instantaneous frequency for the same 3 cases as figure
13 (in 2D). Both cathode priming cases start-oscillation immediately in
the pi mode and remain locked into this desired mode. However, it is
apparent that the unprimed case, the magnetron oscillates first in the

undesired 2*pi/3 mode, encounters mode competition and finally after




some 30 ns begins to oscillate in the pi-mode. These data confirm that
cathode priming can mode-lock relativistic magnetrons into the desired pi-

mode.

5.0 Theoretical Results

The recent success of magnetic priming of the kW oven magnetron [1-3,
6, 8, 9, 11] created a profound impact on the thinking of relativistic
magnetron priming. Three types of priming processes can now be

envisioned,

1. Magnetic priming

2. Cathode priming
3. RE priming

instead of just Item 3, RF priming, as originally proposed. In fact, the first
two hold considerable promise over the third, especially for relativistic
magnetrons. In this Final Report, we shall address the theoretical

progress on all three.

1. Magnetic priming

By the use of a periodic azimuthal perturbation on the axial magnetic
field, the start-up of the pi-mode is substantially hastened.[9, 11] By first
studying the nonrelativistic, thermionic magnetron, we discover a
parametric instability in the electron orbits which provide instantaneous

creation of the electron spokes, even before the rf mode is excited.[12]




This is a very important discovery, because even in the MAGIC

simulations, startup is a major issue.

The fact that there is an orbital instability can be appreciated because
there is a parametric resonance condition involving the three intrinsic

frequencies in magnetic priming,

Q-9=mQ, m=1,2,3,4,.. (1)

where Q, and Q, are respectively the maximum and minimum cyclotron
frequencies in magnetic priming, and Q, is inversely proportional to the
transit time of an electron through one magnetic perturbation period.
When Eq. (1) is satisfied, electrons are drawn to the cathode even before

the rf mode is excited. Thus startup is hastened.

Equation (1) is satisfied only over certain bands of magnetic field
perturbation strength. Figure 16 shows these bands of a= (Q,-Q,)/Q,,
which measures the magnetic priming strength. ICEPIC simulation of the
thermionic oven magnetron (by Luginsland [6]) strongly suggests the

presence of this orbital instability when magnetic priming is included.

However, it is not clear if the orbital parametric instability is operative in a
relativistic magnetron. The latter is almost always in the space charge
limited regime, in which the electron orbits are rather different. Recent
MAGIC simulations of the A6 magnetron does show that magnetic priming
is in fact effective over certain bands of o [Fig. 17]. That is, the start-up

time of the pi-mode is substantially reduced for certain values of a. But




whether this is related to the orbital parametric instability remains to be

examined.

2. Cathode Priming

Cathode priming is a very promising approach for relativistic
magnetrons.[4,5] The concept is so new that we have not had any
substantive theory on this topic. The experimental data on cathode
priming collected to date raise the following issues (for future

investigations):

a. Where, and how, are the electrons emitted in the PAL cathode?

b. While the startup for the pi-mode is hastened, why is the microwave
pulselength still short?

¢. How important is the tangential electric field on the PAL cathode
surface in the initiation of the spokes?

d. What is the proper theoretical model for cathode priming?

e. In the 3K configuration (the cathode consists of 3 separate rods
instead of the PAL cathodes described in previous sections), what is
meant by a Brillouin hub? What is the effect of the rather significant
azimuthal RF electric field between the rods? How about the non-removal
of those unfavorable electrons which may now hang around the
interaction space (they are not removed because the cathode is not one
solid piece in the 3K configuration)? Is there the advantage of enhanced

current density for the 3K configuration, because of the 2D effects of the

Child-Langmuir law?




3. RF priming

We have found that the RF priming experiment on the relativistic
magnetron reported above is consistent with the Adler condition. We
have also successfully interpreted the beating phenomenon observed in
the time-frequency analysis in terms of the interference between the

injected signal and the free running pi-mode.

The above phenomena have been subjected to a more refined study using
the oven magnetron. This study, about to be written up for publication,
compares Adler’s mode locking theory against the RF priming
experiments. The preliminary results are shown in Figs. 18 and 19.
Figures 18 (top) and 19 (top) show the theoretical model of the power
output of the driven oscillator, in which the free-running frequency of the
(zero drive) oscillator is unity and the external drive has a scaled
amplitude E, and variable frequency. Figures 18 (bottom) and 19
(bottom) show the experimental data at different drive powers and
frequencies, with the free running magnetron oscillator at a frequency of
2.4511 GHz and output power of 825W. The qualitative agreement

between theory and experiment is remarkable, given the simplicity of the

theory and the complexity of a magnetron.




6.0 Collaborations with Air Force Research Lab Scientists

Extensive collaborations have been undertaken between University of
Michigan faculty/ students and scientists at the Air Force Research Lab,
Kirtland AFB, NM. Crucial, major equipment was loaned to UM by AFRL:
pulsed electromagnets and microwave priming modulator/ magnetron.
A book chapter was coauthored by UM faculty and AFRL scientists Tom
Spencer and Keith Cartwright. Tom Spencer also served as a member on
3 UM student doctoral committees and coauthored many refereed
publications with UM students and faculty. AFRL 3-D ICEPIC simulations

have provided excellent guidance for UM experimental research.

7.0 US Patent Resulting from this Research

US patent (No. 6,872,929): Low-Noise Crossed Field Devices Such as a

Microwave Magnetron, Microwave Oven Utilizing Same and a Method of

Converting a Noisy Magnetron to a Low-Noise Magnetron, issued March
29, 2005
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Figure 2: Michigan Relativistic Magnetron Facility (RF Priming).
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Figure 3: Photograph of magnetron anode block with tuning stubs.




Figure 4. Projection Ablation Lithography (PAL) Cathode fabrication
experimental configuration.
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MAGIC simulations of the Titan/UMich relativistic magnetron. Certain values of a yield
shortest startup time, indicative of some resonant (parametric?) process.
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Figure 18. Reflection amplifier microwave spectra: 1. (top) theoretical model, 2.
(bottom) experimental data when P, are 5 and 15 W.
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Figure 19. Reflection amplifier microwave spectra: 1. (top) theoretical model, 2.

(bottom) experimental data when P, are 55




